AND CONCLUSIONS
1. Voltage-gated K currents were studied in relay neurons (RNs) acutely isolated from somatosensory (VB) thalamus of 7-to 14-day-old rats. In addition to a rapidly activated, transient outward current, &, , depolarizations activated slower K+ currents, which were isolated through the use of appropriate ionic and pharmacological conditions and measured via whole-cell voltageclamp.
2. At least two slow components of outward current were observed, both of which were sensitive to changes in [K+] ,, as expected for K conductances. The first, lkl, had an amplitude that was insensitive to holding potential and a relatively small conductance of 150 pS/pF. It was blocked by submillimolar levels of tetraethylammonium [TEA, 509Linhibitory concentration UC = 30 PM)] and 4-aminopyridine (4-AP, 40 PM). In the abs&e of intracellular Ca2+ buffering, the amplitude of IKI was both larger and dependent on holding potential, as expected for a Ca2+-dependent current. Replacement of [Ca2'], by Co2+ reduced lkL, although the addition of Cd2+ to Ca2+-containing solutions had no effect.
3. The second component, 1=, had a normalized conductance of 2.0 nS/pF and was blocked by millimolar concentrations of TEA ( ICsO = 4 mM) but not by 4AP. The kinetics of 1= were analogous to (but much slower than) those of 1* in that both currents displayed voltage-dependent activation and voltage-independent inactivation. IW was not reduced by the addition of Cd2+ to Ca2+-containing solutions or by replacement of Ca2+ by Co2+.
4. JK2 had a more depolarized activation threshold than &, and attained peak amplitude with a latency of -100 ms at room temperature. 1= decay was nonexponential and could be described as the sum of two components with time constants (7) near 1 and 10 s.
5. 1= was one-half steady-state inactivated at a membrane potential of -63 mV, near the normal resting potential for these cells. The slope factor of the Boltzman function describing steady-state inactivation was 13 mV -' , which indicates that 1= varies in availability across a broad voltage range between -100 and -20 mV.
6. Activation kinetics of 1= were voltage dependent, with peak latency shifting from 300 to 50 ms in the voltage range -50 to +30 mV. Deinactivation and deactivation were also voltage dependent, in contrast to inactivation, which showed little dependence on membrane potential. Increase in temperature sped the kinetics Of&C29 with temperature coefficient ( Qlo) values near 3 for activation and inactivation. Heating increased the amplitude of 1= with a Q10 value near 2.
7. Prolonged near-threshold depolarizing stimuli in RNs can activate &, which initially inhibits spike firing. However, maintained stimulation will cause inactivation of 1=, with an accompanying gradual depolarization that can eventually reach spike threshold. Therefore one function of 1= may be to cause delayed and/ or accelerating spike firing in response to sustained depolarizing stimuli, allowing RNs to alter their integrating response to afferent inputs over periods of several seconds.
INTRODUCTION
Regulation of action potential firing frequency in neurons is an important factor contributing to behavior (Llinas 1988; Steriade and Llinas 1988) . In cells of the thalamus, two general patterns are observed, one of sustained regular firing and another involving generation of high-frequency bursts of action potentials (Deschenes et al. 1982; Llinhs and Jahnsen 1982) . In general, burst-firing patterns are associated with periods of drowsiness and slow-wave sleep, whereas regular firing is seen during arousal or rapid eye movement (REM) sleep (reviewed by Steriade and Llinas 1988 ) . In addition, there is a growing body of evidence that burst firing may also be associated with petit ma1 epilepsy (Buzsaki et al. 1990; Coulter et al. 1989b; Gloor and Fariello 1988; Vergnes et al. 1990 ) and that some anticonvulsant drugs may exert their action by inhibiting the generation of thalamic burst rhythms (Coulter et al. 1989b .
The importance of a prominent transient Ca2+ current (T current or IT ) for burst-firing modes in the relay neurons (RNs) of the thalamus has been previously elaborated in current-clamp (Deschenes et al. 1982; Jahnsen and Llinas 1984) and voltage-clamp recordings (Coulter et al. 1989a; Hemandez-Cruz and Pape 1989; Suzuki and Rogawski 1989; Crunelli et al. 1989) . To more completely understand such cellular rhythms it is important to examine other factors, both intrinsic and extrinsic, that interact with the T current to affect RN firing patterns. We have recently characterized the fast transient K+ current (Z*) current in these cells and have shown that it contributes to at least three cellular phenomena in the thalamus (Huguenard et al. 199 1) . I) As hypothesized for other types of neurons (Connor and Stevens 197 1 b; , Z* increases the dynamic range of firing rates that occur in response to stimulation by allowing slow-frequency firing to occur with small depolarizations. 2) Z* activation is rapid enough to contribute to Na+ spike repolarization. 3) Because the time course of 1* is similar to that of 1=, it may be one factor that controls burst generation.
Although Z* and IT are important in regulating firing behavior in RNs, their kinetics are too rapid to allow these currents to have functional roles in integrating the ongoing tonic synaptic excitation that RNs receive through various sensory pathways. Other outward currents with slower kinetics of activation and inactivation appear to be important in this role. Such slow currents make a large contribution to overall K+ conductances in RNs. Although their amplitudes are smaller than Z*, they can be quite influential in shaping RN output. The experiments reported here focus on an analysis of these currents and their functions in RNs. A preliminary report has been published in abstract form ).
METHODS
Methods were essentially the same as previously described (Huguenard et al. 199 1) . Briefly, RNs were acutely isolated from the somatosensory (VB) complex of 7-to 1%day-old Sprague-Dawley rats using a modification of the technique described by Kay and Wong ( 1986) . Brains were obtained from pentobarbital sodiumanesthetized animals, and coronal slices (500 pm thick) were cut on a vibratome. Those slices containing VB were incubated for 45-90 ruin in oxygenated PIPES buffered saline containing tryp sin (Type XI, 8 mg/ 10 ml), then rinsed in enzyme-free solution. The VB complex was excised from each slice and triturated with fire-polished Pasteur pipettes, resulting in cell suspensions that were plated onto 35mm plastic petri dishes. PIPES-buffered saline consisted of (in mM) 120 NaCl, 5 KCl, 1 MgCl,, 1 CaCl,, 25 glucose, and 20 piperazine-N,N'-bis [ 2-ethanesulfonic acid] (PIPES); the pH was adjusted to 7.0 with NaOH (Kay and Wong 1986) . The intracellular solution was as follows (in mM): 130 KCl, 10 N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid (HEPES), 11 ethylene glycol-bis( P-aminoethyl ether)-tetraacetic acid (EGTA), 1 MgCl,, 1 CaCl,, 4 Na, ATP, 22 phosphocreatine, and 50 U/ml creatinine phosphokinase, pH 7.3. Osmolality of both intracellular and extracellular solutions was adjusted to 305 mosmol/ kg H,O before each experiment. The extracellular recording solution consisted of (in mM) 155 NaCl, 3 KCl, 1 MgCl,, 1 CaCl,, 0.0005 tetrodotoxin (TTX), and 10 HEPES with pH ad-A OPA justed to 7.4. This level ( 1 mM) of extracellular Ca2+ maximized cell viability while minimizing calcium current (I, ; Huguenard et al. 199 1) . Inorganic blockers of Ca2+ current (e.g., Cd2+ or La3+) were not used because these produced large shifts in the voltage-dependent activation and inactivation of potassium currents (1k; Huguenard et al. 199 1; Mayer and Sugiyama 1988) . In one group of experiments, K-gluconate was substituted on an equimolar basis for KC1 in the intracellular solution. The liquid junction potential measured in the bath by the method of Hagiwara and Ohmori ( 1982) for electrodes containing the Kgluconate solution was large (9 mV). Because the electrode potential was nulled in the bath, the membrane potential was obtained by subtracting the liquid junction potential from the command potential. All chemicals were obtained from Sigma (St. Louis, MO). MCD peptide was obtained from Latoxan (Rosans, France). TEA-Cl was substituted on an equimolar basis for NaCl. Solution changes were made using the sewer pipe method as previously described ( Huguenard et al. 199 1) . In experiments in which extracellular K+ concentrations ([K+],) were varied, KC1 was substituted on an equimolar basis for NaCl.
Whole-cell voltage-clamp recordings (Hamill et al. 198 1) were obtained with a List EPC-7 amplifier (Medical Systems) employing series resistance compensation. Patch electrodes were pulled from borosilicate glass (Garner Glass, Claremont, CA; KG-33, 1.8-mm OD, 1.3-mm ID) and, when filled with KCl, measured 2-3 MQ in the bath. Methods based on those of Blanton et al. ( 1989) and Otis et al. ( 199 1) were used to obtain whole-cell recordings (e.g., Fig. 1 ) in 400.PM brain slices containing the VB complex. Slices were maintained at 32°C in an interface chamber and super-fused with oxygenated, bicarbonate-buffered saline contain- (B) . A : in slice-patch recordings, small depolarizing current steps result in repetitive firing, but only after significant delays (4 ) of OS-1.5 s. A holding current of -30 pA was applied to hyperpolarize the cell to -62 mV, then 10-s depolarizing commands of + 130 pA were applied every 20 s. B: depolarizing current pulses produce repetitive firing in isolated RNs bathed in extracellular solution devoid of TTX. Action potentials with apparently normal morphology are evoked in increasing number as the stimulation strength is increased. Note the slight delay in latency to 1st spike for threshold depolarization (4 4 in B 1). Holding current was -110 pA. Stimulation currents were +20, +30, +40, and +50 pA in Bl-B4, respectively, whereas corresponding resting membrane potentials were -64, -67, -62, and -64 mV. ' 1 I\ND D. A. PRINCE ing (in mM) 126 NaCl, 26 NaHCO,, 2.5 KCl, 1.25 NaH,PO,, 2 MgCl,, 2 CaCl,, and 10 glucose). The pipette solution was the normal KC1 intracellular solution, minus ATP, CPK, and creatinine phosphate. motor nucleus (Laiwand et al. 1988) ) hippocampus (Storm 1988) , inferior olive (Yarom and Llinas 1987) , and the histaminergic cells of hypothalamus (Greene et al. 1990) . When activated by near-threshold depolarizations, this current can cause a significant delay ( l-10 s) before spike threshold is reached. The delay appears to be due to outward current inactivation, which results in a net depolarization that eventually causes the membrane potential to reach firing threshold.
RESULTS

Possible functions for outward K+ currents in RNs
Typical patch-electrode current-clamp recordings from a neuron in the VB complex, obtained from a brain slice maintained at 32OC in vitro, are shown in Fig. 1 A. Weak depolarizations, which appeared to be subthreshold for up to several seconds after the onset of the current pulse ( 4 in Fig. 1 A voltage trace) , would subsequently result in repetitive firing. This delay to the onset of spike generation is much too long to be accounted for by inactivation of Z* (Huguenard et al. 199 1) and must be due to underlying currents that have slower kinetics. In the experiment of Fig.  1 A, it is not possible to distinguish between an underlying slow activation of inward current and inactivation of outward current to explain the firing behavior. If a K current, its kinetics are likely to be similar to those found in a variety of neurons, including those in guinea pig (Jahnsen and Llinas 1984) A : long depolarizations (600 ms) to 0 mV from a holding potential of -90 mV were applied every 10 s. These commands were alternated with those with the holding potential set to -40 mV (B). Addition of 0.5 mM TEA to the bath resulted in the blockade of a small fraction of total outward current (compare control and 0.5 mM TEA traces). When TEA concentration was raised to 20 mM, a much larger amount of current was blocked, leaving mainly IA ( compare control and 20 mM TEA traces). B : with reduced Vhold, 0.5 mM TEA blocks the same absolute current amount as it does at hyperpolarized V&id in A, but the relative current block in B (27%) with reduced I/hold is greater than that in A ( 14%). High (20 mM) TEA blocks most of the remaining current. C: current blocked by high TEA at the 2 Vhold s is obtained by subtracting currents obtained with 20 mM TEA from those obtained with 0.5 mM TEA in A and B. This current, In, is steady-state inactivated by changes in vhold (note difference in current amplitudes) and relatively slow in rate of activation and deactivation. D : net submillimolar-TEA-sensitive current ( IK1 ) is obtained by subtracting control from 0.5 mM TEA traces in A and B. This current is not steady-state inactivated and is relatively fast in activation and deactivation kinetics.
Because the acutely isolated neurons to be used in this voltage-clamp study had undergone some changes, including marked truncation of dendritic and axonal processes, and had been exposed to a proteolytic enzyme, we obtained current-clamp recordings to determine whether there were obvious alterations in electrical properties. As can be seen in Fig. 1 B, these neurons were capable of firing both single and repetitive action potentials when in TTX-free saline, indicating that their basic action potential depolarization and repolarization mechanisms were intact. With threshold depolarizations, a delay to first spike was observed ( Fig.  1 Bl , 4 4 ), probably due to activation of Z*. Because these neurons in isolation do not have very stable resting potentials (-62 to -67 mV in Fig. 1 B) , it proved impractical to demonstrate the type of long delay shown in Fig. 1 A. Never-theless, we can conclude that the K+ currents, which are necessary to I) repolarize action potentials and 2) promote repetitive firing, are not significantly affected in RNs by the dissociation procedure.
Two depolarization-activated, long-lasting K+ currents in Rib
In isolated RNs, voltage-clamp depolarizations evoked relatively persistent outward K+ currents made up of at least two components (Huguenard et al. 199 1 ) , which are illustrated in Fig. 2 . The first component, IK1, was selectively blocked by low concentrations of TEA [ 50%-inhibitory concentration (I&,) = 30-40 PM]. When the holding potential was set to -90 mV, the current blocked by 0.5 mM TEA was relatively time invariant (Fig. 2A) ; i.e., the amplitude of blocked current remained the same throughout the depolarization (Fig. 20) . In contrast, higher concentrations of TEA (20 mM) blocked a current, IK2, that activated gradually over several tens of milliseconds and then began to slowly inactivate (Fig. 2C ). JK1 was relatively independent of holding potential and deactivated rapidly on termination of the depolarizing command, as seen by the lack of slow tail current (Fig. 20) . 1= varied in amplitude with changes in holding potential ( Fig. 2C ) and deactivated rather slowly (see tail currents). All effects of external TEA were rapidly and completely reversible.
A
Control and wash
The voltage-dependent properties of Z=, combined with its millimolar TEA sensitivity, are similar to those expected for a delayed rectifier current (Hodgkin and Huxley 1952; Sah et al. 1988; Segal and Barker 1984) . Even the property of slow inactivation (Clay 1989) is similar to that seen in invertebrate axons. Therefore IK2 may be analogous to the delayed rectifier. Because the inactivation of such a current can have an influence on the long-term excitability of relay neurons over seconds, we further characterized the voltagedependent kinetic properties of 1= within a Hodgkin-Huxley framework.
The time course of 1=, obtained as the current blocked by 20 mM TEA, is shown in Fig. 3 . With these long depolarizations ( 1 s in Fig. 3 , A-C), the partial inactivation of late outward current can clearly be seen (see also Fig. 7 ). In addition, peak amplitude was attained with shorter latency as the depolarization was increased (Fig. 30 and arrowheads in A and C). Because peak latency is affected by both activation and inactivation rates and the rate of inactivation of 1= is largely independent of voltage ( see Fig. 7) ) the shift in peak latency is mostly due to a voltage-dependent activation rate (Fig. 4 D) . The time course of ZK1 was somewhat more difficult to assess, because the current obtained by subtraction was small compared with the total current and relatively minor changes in total current amplitude could therefore have nontrivial effects. Nonetheless, from The voltage dependence of Z= activation was examined in two ways. In the first, activation curves were fitted to tail K+ dependence of IK2
The ionic dependence of Z= was determined with tail current reversal potential experiments. As previously noted, lkl decays or deactivates relatively rapidly, so slow tail currents are a means to isolate Z= . Depolarizations that maximally activated 1= were applied, followed by return of the membrane potential to a range of voltages above and below the reversal potential. As shown in Fig. 4A , this was repeated after changing [IQ,.
Reversal potential varied with extracellular K+ (Fig. 4 B) , the relationship being close to that expected from the Nernst equation (Fig. 4C) . A small deviation from linearity was observed with the lowest [ K+lO, which could be explained by assuming that Na+ ions are somewhat permeant through IK2 channels. The dashed line in Fig. 4Cis that expected when Na+ permeability is 0.9% of K+ permeability. Replacement of intracellular Cl-with gluconate did not affect the reversal potential for 1= when [ K+l, was 3 or 30 mM (n = 4), indicating that a chloride conductance does not contribute to the tail currents recorded under these circumstances. current-command potential plots as in Fig. 5 , A and B. Voltage-clamp commands of sufficient duration ( 100 ms) to activate peak 1= were applied to various potentials, and tail current amplitude was measured on termination of the depolarizing step. Using the subtraction technique described above, we isolated 1= as the current occluded by 20 mM TEA, and we fitted the data in Fig. 5 B with a Boltzman activation curve of the form where Vl/, is the voltage at which the conductance is one-half maximally activated, V is the membrane command potential, k is the slope factor, and gKmax is the maximum conductance. Conductances were converted to currents by where VK is the K+ equilibrium potential. Group data for IK2 activation curves are given in Table 1 for the first method. The second experimental approach to investigate activation was to apply least-squares fitting routines of Eqs. I and 2 to current-voltage (Z-V) plots. Essentially the same results were obtained with the second method. For example, the results of a nonlinear least-squares routine show that the peak currents in Fig. 3C could be well fitted with the following parameters: gKmax, 56 nS; VK, -83 mV; k, 8.3 mV -'; and vl/,, -10.5 mV.
Activation of ZK1 was assessed by the use of voltage ramps (Fig. 5C ). With the holding potential set at -50 mV, Z= was largely inactivated ( see Fig. 6 ) ; and, because activation is rapid and inactivation is negligible (with depolarizations to 0 mV, ZK1 decayed only 6.1 t 2.3% from peak levels in 600 ms; mean t SE, n = 9), this approach allowed for measurement of activation across a large voltage range. The activation curve (Fig. 5 D) is similar to that for ZU (Fig. 5 B ; Table 1) , the main difference being that the maximum conductance was near 2 nS for Zkl compared with 35 nS for ZU. We tested pharmacological blockers for specificity against ZK1 versus Z=. One agent, 4-aminopyridine (4=AP), which blocks Z* in these neurons at millimolar concentrations, also blocks ZK1 with an ICsO near 50 PM. In the presence of 0.2 mM TEA, 100 PM 4-AP produced very little additional current blockade over that obtained in TEA alone (n = 4). A component of bee venom, MCD peptide, which is known to block K+ channels in some systems (Strong 1990) , also blocked a small conductance, time-invariant outward current at relatively high concentrations (2 PM). 1/1/2 3 k9 and gmax are values derived from curves fitted to Eqs. I and 2. For activation curves, lkl and IK2 were isolated as in Fig. 5, D and B, respectively. Steady-state inactivation of 1= (millimolar-TEA-sensitive current) for depolarizations to 0 mV. I, refers to amount of current that could be steady-state inactivated through reductions in holding potential, whereas I,, indicates current that was not steady-state inactivated. n, number of cells. . Steady-state inactivation of IK2. A : currents produced by l-s steps to 0 mV, which had been preceded by 2-s conditioning steps to various potentials in the range between -110 and -10 mV. Curved arrow indicates currents at conclusion of conditioning step. Largest current was produced by the most hyperpolarized conditioning potential. Note that both the early transient current (4 < ) and the late current (I ) become smaller as the conditioning step is made less negative. B: currents produced by same protocol as in A, but now in presence of 20 mM TEA. Late current is now nearly independent of conditioning potential. C: millimolar-TEA-sensitive current (difference traces from A and B) exhibits steady-state inactivation. D : peak current amplitude for IA and Ia, as obtained from currents in B and C. Arrows indicate half-inactivating membrane potentials for the 2 components (-87 and -59 mV). Slopes for fitted Boltzman curves were 5.3 and 13.4 mV -I for IA and IK2, with Imax values of 7.6 and 1.6 nA, respectively, whereas corresponding noninactivating components were 0 and 0.5 nA. Inset: normalized h, curves for IA (o ) and the inactivating portion of IKt ( l ).
Ca dependence of IKI and IK2
As shown in Fig. 40 , the maximum conductance of IK1 decreased with very strong depolarizations. Other voltage ramp experiments indicated that the submillimolar-TEAsensitive current peaked near +30 mV, became smaller with further depolarizations up to +60 mV, and then became larger again with further depolarization (not shown). Because large depolarizations which approach the calcium equilibrium potential (&) can result in reduced Ca2+ influx, this finding is consistent with IK1 being at least partially Ca2+ dependent, even in the presence of intracellular calcium buffering (Marty and Neher 1985 ) . The results of additional experiments performed without the intracellular Ca2+ buffer, EGTA, provided further support for this conclusion. The amplitude of IK1 was larger in the absence of EGTA ( 1.4 t 0.6 nA at 0 mV, n = 4) than in its presence (0.2 t 0.05 nA, n = 11; P < 0.0 1, Student's 2-tailed t test). In addition, without EGTA, lkl became larger ( 1.5 t 0. lfold increase, n = 6) when [Ca2+lo was increased to 3 mM. Furthermore, in contrast to recordings made in the presence of EGTA (e.g., Fig. 2 D) , changes in the holding potential, which are known to increase Iti (Coulter et al. 1989a) , caused changes in the amplitude of ZK1. Hyperpolarizing the holding potential from -40 to -90 mV resulted in a 1.8 t 0.2-fold increase in lkl (n = 10) compared with 1.2 $-0.1 with EGTA (n = 9, P < 0.01).
However, the results of other experiments indicated that ZK1 was not entirely dependent on Ca2+ entry. The addition of 0.2 mM Cd2+, which blocks >95% of high-threshold Ca2+ currents (Coulter et al. 1989a) , did not reduce the ability of 0.2 mM TEA to block a time-invariant current (n = 3). It is possible that, with sufficient depolarization, resting levels of [ Ca2+li may activate lkl. Replacement of 1 mM extracellular Ca2+ by 0.75 mM Co2+ reduced the depression of IK1 by 0.2 mM TEA when the holding potential ( &,rd) was -90 mV and abolished the effect with yhold of -40 mV (n = 4). These effects of Co2+ replacement for Ca2+ occurred only when EGTA was absent. One explanation for this finding is that Co2+ might enter the cell and act as an antagonist at intracellular Ca2+ binding sites.
Calcium-dependent Zk did not appear to contribute to IK2, because the inorganic Ca2+ channel blocker Cd2+ (0.2 mM) did not affect maximum conductance ( 110 t 9.6% of control, n = 6). It did, however, shift the activation in the depolarized direction ( 6.2 t 1.4 mV, n = 6)) consistent with either a screening charge effect (Frankenhauser and Hodgkin 1957 ) or modulation by a specific divalent cation binding site (cf. Mayer and Sugiyama 1988 ) (8 s) to -40, -25, -10, and +5 mV were preceded by l-s conditioning steps to -90 mV. At least 2 traces at each potential were obtained in each concentration of TEA. I : command steps for all traces. 2: 1= current traces with superimposed fitted curves. 3: semilog plots for currents obtained with 3 most depolarized potentials. The 3 long, curving traces (single arrowheads) have superimposed fitted curves for a 2-component exponential decay process with time constants near 1 and 10 s (see Table 2 ). Isolated fast decay components for each trace are shown as steeper sloped, parallel lines marked with double arrowheads. Note that 1) inactivation of the current is not exponential because the decay, as plotted on semilog axes, is nonlinear; and 2) the fast rate of decay is voltage-independent, as seen in similar slopes for each line marked with a double arrowhead. B : deinactivation of 1=. Rate of recovery of inactivated current was determined by completely inactivating the current by setting the holding potential to -20 mV and then step hyperpolarizing to -90 mV with increasing durations. Fast transient current (1J recovers relatively quickly (double arrowhead), whereas the 2nd peak outward current (I=) requires longer conditioning hyperpolarizations to attain maximum amplitude. C: recovery of peak IKz at various potentials, with superimposed fitted curves. Time constants were 1, 030,430,195, and 175 ms at potentials of -70, -80, -90, and -100 mV, respectively. D: voltage dependence for time constant of fast inactivation (0, yt = 8 ) from Hodgkin-Huxley fitted curves and deinactivation ( l , yt = 2-11) from fitted recovery curves. with Co2' (n = 3) or increasing [ Ca2+] , from 1 to 3 mM (n = 5)-did not significantly affect the kinetics or amplitude of IK2.
Kinetics of activation and deactivation of I'
Deactivation rate for the millimolar-TEA-sensitive current was obtained by fitting single exponential decays to the tail currents from experiments such as those in Fig. 5A . The rate of decay was found to be independent of [ K+], but strongly dependent on voltage, with the time constant varying between 10 and 60 ms in the range of membrane potentials between -110 and -50 mV. Activation rate was obtained by fitting a Hodgkin-Huxley type model to IK2 waveforms (e.g., Fig. 7A2 ). The following model was used
where 7, is the time constant of activation, 7h1 and Th2 are time constants of inactivation, Al and A2 are amplitudes of the two inactivation components, and N is a power factor that affects the delay to peak current (Hodgkin and Huxley 1952) . Surprisingly, in this preparation, we found that a power factor near 1 best describes the current waveform. This is in contrast to the value of 4, which is assumed for delayed rectifier currents in squid giant axon (Hodgkin and Huxley 1952) . The value of 7, was found to vary between 60 and 20 ms in the voltage range of -40 to +30 mV (Fig. 5D ).
Steady-state inactivation of IK2
As described in a previous report and evident in Fig. 2 , 1= undergoes significant steady-state inactivation as the membrane potential is made less hyperpolarized. Figure 6 shows an experiment in which IK2 was isolated and its steady-state inactivation characterized. In 0.5 mM TEA solution, as the conditioning membrane potential was gradually made more depolarized (Fig. 6A) , both IA and the late outward current became smaller. In the presence of 20 mM TEA, which nearly completely blocks I& only IA remains, and the late current amplitude is now independent of conditioning potential (Fig. 6B) . The difference currents, displayed at high gain in Fig. 6C , show that IK2 begins to become inactivated around -90 mV, and reaches a steady, nonzero level, with conditioning potentials near -20 mV. This steady level, or offset, was observed in all cells, indicating that Iw does not completely steady-state inactivate (see Table 2 ). Normalized inactivation ( h, ) curves for 1A and IK2 (Fig. 6 D, inset) show that 1= inactivates over a broader voltage range and at more depolarized levels than 1'. Average values for 1= inactivation are given in Table 1 .
Inactivation kinetics for IK2
Inactivation of IK2 could not be described by a single exponential decay process (Fig. 7A3) . Therefore Eq. 3 was used to describe the time course of the current. As previously noted (Figs. 3 and 5 ) , the rate of activation was voltage dependent. In contrast, inactivation rate was relatively independent of voltage. The current traces in Fig. 7 , AZ and A2, are shown with curves drawn to Eq. 3 superimposed.
The fitting parameters are given in Table 2 . At each potential, two time constants with values of -1 and 10 s were necessary to describe the current decay. Group data for IK2 current decay are given in Table 2 . The fast inactivation rate at depolarized potentials was insensitive to voltage (Fig. 70) . Deinactivation, or recovery from inactivation, was studied by the use of the protocol shown in Fig. 7 B, inset. As the duration of the conditioning hyperpolarization was increased, the amplitudes of both IA and IK2 became larger.
The rates of deinactivation in a single cell (Fig. 7C ) and in the population of cells (Fig. 7 D) show that the deinactivation time constant was voltage dependent, increasing from ~200 ms at -110 mV to > 1 s at -70 mV. In the presence of 20 mM TEA, the late peaking current was completely abolished, so there was no need for pharmacological subtraction with the deinactivation protocol.
Temperature dependence of IKt
Because other voltage-dependent currents in RNs are known to vary significantly with temperature (IT, Coulter et al. 1989a ; IA, Huguenard et al. 199 1 ), we analyzed the kinetics and amplitude of IK2 as bath temperature was changed from the usual recording temperature of -22OC to warmer values. In the first of two experimental ap- A, and A2 are in units of picoamperes, whereas k,, kh 1 , and kh2 are in units of reciprocal milliseconds.
proaches, the millimolar-TEA-sensitive current was ob tained by subtraction at multiple temperatures (Fig. 8, A and B); in the second, IA was blocked by 5 mM 4-AP (Fig.  8C) , and the remaining current was assumed to be largely due to 1=. The total current in the presence of 4-AP was kinetically analyzed as a function of temperature (Fig. 8C) . In both types of experiments, the rate constants and amplitudes were found to increase with temperature (Fig. 80) . The temperature coefficients (QlOs) for group data are given in Table 3 . DISCUSSION Our results in isolated RNs show that, in addition to Z*, there are at least two depolarization-activated K+ conductances, Z= and IK1, which have either slow or negligible inactivation and which are both blocked by extracellular TEA. These currents can be isolated on the basis of their differential TEA sensitivity. At a concentration of 0.2 mM, TEA blocks -87% of IK1 (Huguenard et al. 199 inhibiting IK2 by only 5%. Therefore the difference in currents between control and 0.2 mM TEA conditions is almost entirely due to lkl. Because 0.5 mM TEA blocks 95% of ZK1 and 11% of 1=, whereas 20 mM TEA blocks 84% of 1=, the difference currents obtained from the latter subtraction (0.5 mM TEA -20 mM TEA) are an effective means to isolate IK2. The use of pharmacological tools has thus allowed us to perform a kinetic analysis of these two relatively long-lasting, depolarization-activated K+ currents.
With an average underlying conductance of 36 nS, 1= is the predominant late outward current in VB neurons. Given an average membrane capacitance of 17.5 pF for acutely isolated RNs (Huguenard et al. 199 1 ) , the resulting normalized conductance is near 2 nS/pF, or 20 pS/pm2, assuming a specific membrane capacitance of 1 pF/cm2. By contrast, 1& averaged only 2.7 nS, giving values of 0.15 nS/pF and 1.5 pS/pm2.
Properties of IKI
Intracellular voltage recordings from guinea pig thalamic relay neurons provided evidence for a Ca2+-dependent single-spike afterhyperpolarization, which was blocked by Co2+ and Mg2+ replacement for Ca2+ (Jahnsen and Llinas 1984) . Several lines of evidence point to ly, as being a Ca2+-dependent current that could contribute to such afterhyperpolarizations.
First of all, the current is relatively small (0.2 nA at 0 mV) when intracellular calcium is highly buffered with 10 mM EGTA, which results in a calculated free [ Ca2+li of < 10 nM. When EGTA was not present, Zkl was much larger, and was apparently sensitive to the amount of Ca2+ entry that occurred during the depolarization. Increasing Za either by raising [ Ca2+], or by making the conditioning pulse more hyperpolarized (Coulter et al. 1989a ) increased the amplitude of ZkI . In addition, the submillimolar TEA sensitivity of Zkl resembles that of the fast, Ca 2+ -sensitive afterhyperpolarization in rat hippocampal neurons ( Lancaster and Nicoll 1987 ) , of Ca2+ -activated SK channels in GH3 cells (Lang and Ritchie 1990) , of the fast Ca2+-dependent K+ current (I,) in frog sympathetic neurons ( Pennefather et al. 1985 ) , and of the Ca2+-dependent but EGTA-resistant K+ current in adrenal chromaffin cells (Marty and Neher 1985 ) . The failure of the inorganic Ca-current blocker, Cd 2+, to reduce Zkl (i.e., the current blocked by 0.2 mM TEA), even in the presence of intracellular EGTA, does not necessarily rule out a Ca-activated component of ZK1. This latter finding may be explained by voltage-dependent activation of ZK1 at relatively low resting levels of [ Ca2+li, which would be independent of Ca2+ entry. Alternatively, 0.2 mM Cd2+ blocks only 97% of Z-, and the remaining fractional current might produce sufficient increases of [ Ca2+li to activate Zkl. With Co2+ substitution for Ca2+, however, Zkl was blocked.
The activation and deactivation kinetics of ZK1 are relatively fast compared with those of ZU. At 0 mV, peak amplitude of Zkl was normally attained in ~30 ms; and, on termination of a depolarizing command step, ZKl rapidly decayed to baseline current (Fig. 20) . ZK1 is not steadystate inactivated, nor does it markedly decay during maintained depolarization, when EGTA is included in the pipette. The threshold for activation is near -30 mV, and peak current is attained near +20 mV. Because ZK1 was obtained by subtraction in the presence of another much larger current (Z& that could not be selectively blocked, the activation and inactivation kinetics and the steady-state inactivation could not be determined with greater precision than that presented here. However, it appears that ZK1 activates rapidly enough to contribute to single action potential repolarization.
Properties of ZK2
The kinetics of Zw activation and deactivation were much slower than those of ZkI . At room temperature, ZU activated with a threshold near -40 mV, and peak current was attained with a latency between 50 and 500 ms from the onset of the depolarizing voltage-clamp command step (Fig. 30) . After reaching peak amplitude, Z= decayed slowly over a period of several seconds (Figs. 3 and 6-8) . These kinetics would result in a gradual depolarization in current-clamp recordings as Z= inactivated during maintained current injections with eventual approach to spike threshold, as seen in Fig. 1 (and also in Fig. 10 of Jahnsen and Llinas 1984) . With maintained depolarization, further inactivation of Z= would contribute to accelerated spike firing. A similar action is seen in neurons of the hippocampus (Storm 1988), inferior olive (Yarom and Llin& 1987), cat sensorimotor cortex (Spain et al. 199 1)) hypothalamus (Greene et al. 1990) , and vagal motor nucleus (Laiwand et al. 1988) . A notable difference between Z= and the slowly inactivating outward currents seen in hippocampus and neocortex is a reduction of the latter by low concentrations of 4-AP (< 1 mM) and an insensitivity to TEA blockade, which contrasts markedly with the pharmacology of Z= in RNs. In addition, the threshold for ZU activation is somewhat more depolarized than that for the slow transient current seen in these other types of neurons.
Although several properties (e.g., voltage dependence and millimolar TEA sensitivity) of Z= resemble those of the delayed rectifier current in axons (Hodgkin and Huxley 1952) and invertebrate neurons (Aldrich et al. 1979 ; Connor and Stevens 197 la), Z= is not likely to contribute to rapid action potential repolarization. Because Z* and Zkl both activate with much faster kinetics, these latter currents are presumably largely responsible for the falling phase of single action potentials.
Activation of ZU resembles that observed for K+ currents in other central mammalian neurons. In guinea pig hippocampal neurons ( Sah et al. 1988 ) , Zk is one-half activated at -5 mV (compared with -12 mV for Z&, with a slope factor of 14 mV -' (compared with 12 mV -' for Z&. However, the rate of Zk activation in hippocampus is much faster than for ZU in RNs, with 7, equal to 2 ms at 0 mV in the former, compared with 7, of 30 ms for Z=. In comparison with Z=, a power factor of 1 was also found to fit Zk activation in isolated hippocampal neurons (Sah et al. 1988 ).
An important feature of Z= is its steady-state inactivation, a property shared by a variety of K currents in neurons acutely isolated from rat ( Sah et al. 1988 ) and guinea pig (Numann et al. 1987 ) hippocampus, as well as those from rat hippocampal cultures (Segal and Barker 1984) and in vitro neocortical slices from cat (Spain et al. 199 1) . Similar inactivation properties also occur in molluscan neurons (Aldrich et al. 1979 ; Connor and Stevens 197 1 a) and squid axons (Clay 1989; Ehrenstein and Gilbert 1966) . Because of this steady-state inactivation, RNs have only 50% of the total Z= available at resting membrane potentials near -60 mV (Fig. 6 ). In addition, membrane potential changes over a wide range will affect the availability of this channel, one consequence being that steady depolarizations will gradually increase the excitability of these cells. In each of the studies cited above, inactivation of Zk occurs over a period of seconds, and the rate of inactivation is relatively insensitive to voltage, findings similar to those for ZU in RNs. We found that Z= inactivates with two time constants, one near 1 s and another near 10 s, at room temperature. The rates of both the underlying processes had positive values of Qlo; however, the contribution of the slower process to the totai current was diminished by increasing temperatures.
The apparent inactivation of whole-cell Z= could be the result of voltage-dependent inactivation of individual channels or, alternatively, could be due to delayed opening of channels. In the latter case, macroscopic current inactivation would reflect the activation process in a manner analogous to that described for Na+ channels (Aldrich et al. 1983 ) . This is probably the case for Z= , because it steadystate inactivates and the inactivation rate is relatively voltage independent.
In contrast to inactivation, recovery from inactivation was highly voltage dependent in a manner similar to that reported previously in axons (Clay 1989) and hippocampal neurons (Numann et al. 1987) . Therefore, although ZU can be markedly inactivated by resting potentials near -60 mV, it can rapidly deinactivate during hyperpolarizing voltage excursions near -80 mV, which occur with normal membrane oscillations in RNs during functional states (Steriade and Llinas 1988) .
Functional implications of ZKl and Zm
Clearly, RNs have integrative functions in the time domain of-seconds in addition to the monosynaptic relay of phasic information. This gives neurons the opportunity to sum and respond to tonically occurring subthreshold inputs; i.e., although near-threshold synaptic input does not initially affect output, it does produce a "memory" through slow inactivation of Z=. When threshold is reached, spike output might reflect a sustained input that began seconds earlier. By-contrast, when RNs are relatively hyperpolarized, Zk 2 is largely available for activation. This may contrib---ute to the postburst pause in tamed depolarizations that i firing that occurs during mainnitially produce a Ca2+-dependent burst of spikes.
Various K+ currents are known to be a target for neurotransmitter modulation.
For example, in hippocampus, a slow afterhyperpolarizing potential (AHP) is blocked by various neuromodulators, including norepinephrine, histamine, acetylcholine, and serotonin (reviewed by Nicoll 1988). RNs are largely devoid of the slow AHP (Jahnsen and Llinas 1984) , but there is evidence in squid axons that the delayed rectifier can be modulated by phosphorylation, such that both gating and availability of channels are affected (Augustine and Bezanilla 1990) . If Z= is similarly affected, it would then present a site for neuromodulatory action in RNs.
